Introduction

5
MA south to Gilbert-Stuart, RI) and Mid-Atlantic stock (i.e., Connecticut River, CT south to the 95 Neuse River, NC) (see Figure 3 in Palkovacs et al. 2014) . 96
Restoration efforts, including habitat and water quality improvements, fish passage 97 projects, and harvest restrictions, have focused largely on mitigating threats in freshwater 98 habitats. However, persistent depression of population abundances, reductions in age and size of 99 spawning adults, and few consistent signs of recovery suggest that other sources of mortality -100 possibly marine -may be negating these freshwater conservation actions (Nelson et al. 2011) . 101
Indeed, observed shifts in life history and demography for a southern New England alewife 102 population (i.e., decreased size, younger age structure, fewer repeat spawners in Bride Brook, 103 CT) are consistent with the notion that marine mortality in this region has recently increased 104
(Davis and Schultz 2009). 105
Bycatch in commercial fisheries of the northwest Atlantic Ocean has become a major 106 concern for river herring conservation (ASMFC 2012; Cournane et al. 2013 ; Bethoney et al. 107 2013 Bethoney et al. 107 , 2014a . From 1989 to 2010, bycatch of alewife and blueback herring equaled or exceeded 108 that reported for directed in-river commercial fisheries for 6 of 22 years (ASMFC 2012) . 109
Bycatch in the Atlantic herring (Clupea harengus) fishery off the southern New England coast is 110
of particular concern (ASMFC 2012), because this fishery encounters river herring at relatively 111 high rates (Cournane et al. 2013 ; Bethoney et al. 2014a Bethoney et al. , 2014b and is geographically proximate 112 to the populations and genetic stocks that have experienced the greatest declines in spawning 113 adult abundances and body size (Palkovacs et al. 2014) . Understanding the impacts of marine 114 bycatch on populations and genetic stocks requires knowledge of how bycatch mortality is 115 partitioned. If bycatch mortality is evenly distributed across populations, there may be minimal 116 consequences to abundance for any particular population. However, if that same mortality is 117 concentrated on just a few populations, major population-or genetic stock-level declines may 118
occur. 119
Here, we determine how bycatch mortality for alewife and blueback herring in northwest 120
Atlantic commercial fisheries is partitioned among genetic stocks using genetic stock 121 identification (GSI), a commonly applied form of mixed-stock analysis (Brenden et al. 2015) . 122
Genetic stock identification involves the genotyping of individuals from a series of 'baseline' 123 populations and from a 'mixture' sample (e.g., bycatch), and the subsequent estimation of 124 mixture proportions using a maximum likelihood or Bayesian statistical framework that relates 125 the genotypes in the mixture sample to the expected genotype frequencies in the baseline 126 populations (Anderson et al. 2008 ). This method is a standard tool in the management of mixed 127 stock fisheries, and has been applied to a variety of species (e.g., Wirgin genotyped for populations and bycatch specimens for both species, we employed a Bayesian GSI 130 method to assign bycatch to genetic stock of origin. We then used bycatch data collected by 131 fishery observers to estimate the numbers of alewife and blueback herring taken as bycatch in the 132 Atlantic herring fishery in 2012 and 2013, and applied the results from GSI to estimate genetic 133 stock-specific mortality of alewife and blueback herring in this fishery. This combined approach 134 allowed us to identify the regional origins of river herring bycatch, and provided valuable insight 135 into whether bycatch may be a contributing factor in hindering recovery efforts for the most 136 depleted genetic stocks. Our results indicate that river herring bycatch is focused primarily on 137 those genetic stocks that have experienced the greatest declines in spawning adult abundance 138 (i.e., Southern New England stock in alewife; Mid-Atlantic stock in blueback herring). 139
Mitigating the impacts of river herring bycatch will be an important component of conservation 140 efforts to rebuild these genetic stocks and restore coastal ecosystems. 141
142
Materials and Methods
143
Sample collections 144
Collections of alewife and blueback herring from populations sampled across their US 145 ranges were obtained from 2008-2011 (see Palkovacs et al. 2014) , and served as baselines in the 146 GSI of bycatch. Before performing GSI, interspecific hybrids were removed from the baseline 147 dataset following the procedure described in (Pritchard et al. 2000 , Falush et al. 2003 . 178
Hybrids were identified following the same procedure applied to population baseline populations 179 (see above; Hasselman et al. 2014 ). Bycatch specimens misidentified at sea were re-classified to 180 their correct species prior to analyses. Hybrid individuals, specimens not genotyped across a 181 minimum of six microsatellites, and instances where fewer than five specimens were sampled in 182 a given bycatch stratum (see below) were removed from analyses. These adjustments resulted in 183 a dataset for alewife (n=1747) and blueback herring (n=1013) bycatch that was used for GSI 184 ( These same loci were previously used to genotype anadromous populations for assessment of 191 population genetic structure across the US ranges of these species (Palkovacs et al. 2014) . 
Evaluation of baseline populations 221
To determine the capacity of our baseline populations for assigning bycatch and 222 estimating mixture proportions we assessed the behavior of estimates of genetic stock and 223 population proportions by simulation. We simulated 50 different mixing proportions for each 224 baseline population by first simulating the genetic stock proportions from a Dirichlet distribution 225 with all parameters equal to 1.5, and then simulating mixing proportions of each population 226 within a genetic stock, again using a Dirichlet distribution with parameters equal to 1.5. We then 227 took each of the 50 mixing proportions, in turn, and simulated four bycatch samples (1000 fish 228 each) using the CV-ML method of (Anderson et al. 2008 ) and estimated the mixing proportions 229
by maximum likelihood. The resulting distribution of estimates was used to assess predicted bias 230 and precision in our estimates of the mixing proportions for assignment to genetic stock and 231 population of origin. 232
233
Genetic stock identification of bycatch 234
For the GSI of bycatch, samples from the posterior probability distribution for all 235 parameters were generated using 50,000 sweeps of an MCMC algorithm after a 20,000 sweep 236 burn-in phase (thinning interval=10) in gsi_sim. To verify proper mixing of the MCMC, we 237 conducted seven independent runs of the model for both alewife and blueback herring using 238 different starting seeds. We estimated the mixing proportion of each genetic stock for each 239 sample. This method provided an estimate of the fraction of fish from each genetic stock in the 240 bycatch at the time and place where the sample was taken, and has been shown to provide a 241 better estimate of true mixing proportions than aggregated individual assignments (Koljonen et 242 al. 2005 ). Thus, we do not report individual level assignments, but rather the overall assignment 243 of bycatch to genetic stock of origin. We then examined patterns of bycatch in two 244 complementary ways. We first examined all bycatch collectively to understand which genetic 245 stocks were being encountered across all fisheries. We then partitioned bycatch into 'strata' 246 represented by unique combinations of year, season, region, target fishery, and gear type, 247 resulting in 25 strata for alewife and 17 strata for blueback herring (Table 1) . We estimated 248 mixing proportions independently for each stratum in order to better understand the effects of 249 these various factors on the genetic stock composition of bycatch. MCMC samples of the mixing 250
proportions from their posterior probability distribution were used to estimate the proportion and 251 95% credible intervals of bycatch represented by each genetic stock for each species overall and 252 for each bycatch stratum. Although partitioning the bycatch data resulted in relatively small 253 sample sizes for some strata, differences in samples sizes are readily accommodated by the 254 Bayesian method implemented in gsi_sim, and are reflected as wider posterior probability 255
distributions. 256
The Bayesian method implemented in gsi_sim yields unbiased estimates of GSI accuracy 257 only within the confines of the assumptions of the model, and particularly the assumption that all 258 populations in the mixture sample (i.e., bycatch) are accurately represented in the baseline 259 
Results
293
Species identification of bycatch and incidence of hybrids 294
Genotyping identified 32 specimens that were misidentified to species based on 295 peritoneal coloration by fisheries observers, representing 1.2% of the bycatch sampled. In total, 296 21 alewife were misidentified as blueback herring, and 11 blueback herring were misidentified as 297 alewife. This asymmetry is not surprising given that blueback herring are generally characterized 298 by dark peritoneal coloration, but alewife can also display some dark coloration (although 299 typically more subtle), that can lead to misidentification (see Berlinsky et al. 2015) . Given the 300 morphological similarities between the species, our results show a high level of reliability for 301 species identification in the field. We identified 50 specimens as hybrid individuals, representing 302 1.8% of the bycatch sampled; slightly lower than previously reported rangewide for anadromous 303 adults (i.e., 2.4%; Hasselman et al. 2014) . 304 305
Evaluation of baseline populations 306
Simulations used to assess the performance of gsi_sim revealed concordance between the 307 distributions of estimated and simulated mixing proportions for genetic stocks of alewife and 308 blueback herring, indicating a high degree of reliability for genetic stock-level assignments. England stock and Southern New England stock (Figure 2b ). These slight biases are likely due to 313 the uneven representation of baseline populations within genetic stocks for both species (Table  314 S1), but have a modest impact on the precision of bycatch assignment to genetic stock of origin. 315
Systematic bias was observed between the distribution of estimated and simulated mixing 316
proportions at the population level for alewife ( Figure S1a ) and blueback herring ( Figure S1b) . 317
This bias is likely due to weak differentiation among populations within genetic stocks 318 (Palkovacs et al. 2014 ), and differences in samples sizes among baseline populations (Table S1 ) 319 that can impact the detection of rare alleles, which contribute to assignment probabilities. 320
Cumulatively, these self-assignment and simulation results suggested that bycatch assignment to 321 For personal use only. This Just-IN manuscript is the accepted manuscript prior to copy editing and page composition. It may differ from the final official version of record.
population of origin suffers from considerable bias and may be unreliable; therefore, we focused 322 subsequent analyses on the assignment of bycatch to genetic stock of origin. 323
324
Genetic stock identification of bycatch 325
Overall, the greatest proportion of alewife bycatch (=0.695) was assigned to the 326 Southern New England stock (Figure 3a) , while the greatest proportion of blueback herring 327 bycatch (=0.782) was assigned to the Mid-Atlantic stock (Figure 3b ). Other genetic stocks 328 comprised substantially lower proportions of bycatch for both species. At a posterior probability 329 threshold of 0.95, the Southern New England stock represented at least 67% of the total alewife 330 bycatch, while the Mid-Atlantic stock represented at least 75% of the total blueback herring 331 bycatch. For both species, replicate runs of the MCMC with different starting seeds generated 332 posterior mean estimates of mixing proportions that were virtually identical to the initial run of 333 the model ( Figure S2 ). This result indicated that the MCMC algorithm used by gsi_sim to 334 compute posterior probabilities converged well and was suitable for estimating assignment 335 probabilities for alewife and blueback herring to genetic stock of origin. 336
When alewife bycatch was partitioned into strata (i.e., year, season, region, target fishery, 337 and gear type), results showed that all genetic stocks were encountered in all regions and by all 338 fisheries. However, the greatest proportion of alewife bycatch across all fishing areas was 339 consistently assigned to the Southern New England stock (Figure 4a) , which comprised the 340 greatest proportion of alewife bycatch for 24/25 strata (range: 0.38-0.98; =0.66), and ≥50% of 341 bycatch for 18/25 strata (Table 1) . Individual-level assignments for alewife bycatch are provided 342 in Table S2 . Although alewife bycatch was sampled from multiple fisheries, the Atlantic herring 343 fishery was heavily represented in our bycatch dataset (20/25 strata), and largely occurred on the 344 
Genetic stock-specific bycatch mortality in the southern New England Atlantic herring fishery 373
Over the two years of data examined, we estimate that more than 4.95 million river 374 herring (95% CI: 4.11-5.79 million) were taken as bycatch in the southern New England Atlantic 375 herring fishery (Table 2 ). In 2012, over 1.30 million river herring (95% CI: 1.04-1.56 million), 376 and in 2013 over 3.65 million river herring (95% CI: 3.08-4.23), were taken as bycatch in this 377 fishery. While more than twice as many blueback herring were taken (890 000) in 2012 378 compared to alewife (410 000), more than seven times as many alewife were taken (3.21 million) 379 in 2013 relative to blueback herring (450 000). Midwater trawls and bottom trawls accounted for 380 ~82.3% and ~17.7% of the bycatch mortality in 2012, respectively. This pattern changed in 381 2013, when midwater trawls accounted for ~48.5% and bottom trawls ~51.5% of the bycatch 382
mortality. 383
Bycatch mortality was not evenly distributed among genetic stocks for either species 384 (Table 2 ). For alewife, 72.5% of the bycatch across both years examined was assigned to the 385 Southern New England stock, while 20% and 7.5% was assigned to the Mid-Atlantic stock and 386
Northern New England stock, respectively. The proportional genetic stock composition of 387 alewife bycatch was not significantly different between gear types (KS test: D=0.019, p > 0.1) or 388 between years (KS test: D=0.19, p > 0.1). For blueback herring, 80% of the bycatch across both 389 years was assigned to the Mid-Atlantic stock, while 9%, 10%, and 1% was assigned to the 390 our study suggests bycatch mortality may be an important contributing factor. However, bycatch 453 should be evaluated in conjunction with other sources of mortality to fully assess its direct 454 impact on river herring populations. 455
456
Genetic stock-specific bycatch mortality in the southern New England Atlantic herring fishery 457
We estimate that approximately 3.6 million alewife and 1.3 million blueback herring 458 were taken as bycatch in the southern New England Atlantic herring fishery in 2012 and 2013 459 (Table 2 ). The greatest alewife bycatch came from the Southern New England stock (2.62 460 million fish), while the greatest blueback herring bycatch came from the Mid-Atlantic stock 461
(1.07 million fish). The amount of river herring caught in the southern New England Atlantic 462 herring fishery is typically < 0.5% of the catch of the target species (Bethoney et al. 2014a ), but 463 the magnitude of bycatch mortality estimated for these genetic stocks may be substantial. Recent 464 research suggests that bycatch mortality in the Atlantic herring fishery may be similar to that 465 previously generated by directed fisheries (Cieri et al. 2008 ). However, linking the magnitude of 466 bycatch mortality to declines in spawning adult abundances at the genetic stock (or population) 467 level, and evaluating the impacts of bycatch on recovery efforts, is complicated by the absence of 468 
Future directions 481
Our results show that bycatch may be disproportionately impacting the most severely 482 depleted river herring genetic stocks; however, we cannot presently assign bycatch to population 483 of origin with high confidence. Our simulations revealed some bias for population-level 484 assignment for both alewife and blueback herring ( Figure S2 ). This result may stem from 485 moderate levels of gene flow among populations within genetic stocks and the resolution of the 486 microsatellite markers employed (Manel et al. 2005) . Using the same suite of microsatellites, 487 Collection of bycatch samples for this study was largely opportunistic, leading to large 510 variation in sample sizes across bycatch strata. Although our overall results were consistent 511 across strata, we were limited to small sample sizes in some areas. Thus, future efforts should 512 attempt to implement a standardized sampling regime for bycatch. 513
514
Conservation and management implications 515
Our study suggests that bycatch in marine fisheries, particularly the southern New 516
England Atlantic herring fishery, may be a contributing factor in the persistent depression of 517 population abundances observed for the most depleted river herring genetic stocks. Our results 518 may help partially explain why freshwater restoration efforts in Massachusetts, Rhode Island, 519
and Connecticut have not yielded consistent regional signs of recovery. The geographically 520 concentrated nature of river herring bycatch reported herein places severely depleted genetic 521 stocks and populations at risk, but also suggests that reducing bycatch on the southern New 522 extirpation of these populations would create a geographic discontinuity in the ranges of both 527 species that could increase the risk of further extirpations, as connectivity and the potential for 528 stabilizing portfolio effects is lost (Schindler et al. 2010 ). The threat posed by climate change 529 makes it especially important to reduce bycatch mortality in order to increase the resiliency of 530 populations in the face of an unpredictable future (Lynch et al. 2014; Tommasi et al. 2015) . 531 Therefore, reducing bycatch mortality for these genetic stocks should be a priority for river 532 herring conservation. 
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